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Abstract 
The thermoplastic properties of bituminous coals must be destroyed to produce a highly microporous 
material. In practice, this can be reached by oxidation of coal, but an alternative can be the addition of 
an appropriate polymeric substance. This work is focused on the evaluation of the mixtures of 
bituminous coals with PET and a coal-tar pitch (CTP) with PET as a precursor of activated carbons. 
The mixtures (1:1 w/w) were subjected to carbonization and activation with steam at 800oC to 50% of 
burn-off. The optical texture and homogeneity of carbon matrix of the chars was studied by polarized 
light optical microscopy. In addition, the porous structure of the activated carbons was determined by 
sorption of nitrogen at 77 K. The resultant ACs are microporous in their nature, being the ACs from 
CTP-PET mixture characterized by the better developed porous structure. 
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INTRODUCTION 
 
Bituminous coals are the main precursor for producing activated carbons (ACs) due to their 
inherent porosity which is subsequently developed on carbonization and activation. It is well 
know that their thermoplastic properties must be destroyed to produce a highly microporous 
material. In practice, the plasticity of coal is reduced by oxidation with air in the pretreatment 
step. I n  this work, an alternative way of eliminating plasticity of coal which is based on the 
addition of polyethylene terephthalate (PET) to bituminous coal is investigated. It was 
reported that a 10 wt% addition of PET waste totally changes the thermoplastic properties of 
bituminous coals, independent of their rank and thermoplastic properties (Diez, 2005). 
Moreover, with increasing the contribution of PET in the blend the microporosity of resultant 
char was improved (Barriocanal, 2005).  
 
In addition, polymers are also good  precursor for ACs, particularly, when porous materials 
with low ash content are required (Lázslo, 2001). PET is a promising raw material due to a 
high percentage of carbon, around 63 wt%. However, a drawback of the use of polymers for 
this purpose is a low pyrolysis yield. Thus, the co-processing with coal will be an alternative 
to improve the yield of the AC precursors.  
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The aim of this work was to evaluate the effect of PET addition to a bituminous coal or a 
coal-tar pitch on the characteristics of resultant chars and activated carbons. The use of PET 
as a co-precursor in the mixture with coal or coal-tar pitch could be an alternative way of 
chemical recycling PET waste.  
 
EXPERIMENTAL 
 
Two bituminous coals of different rank and similar caking ability (coals OG and P), one coal-
tar pitch (CTP) and PET were used as raw materials for the production of activated carbons.  
The raw materials and the mixtures coal:PET a n d  CTP:PET (1:1 w/w) were carbonized at 
800oC and activated with steam at the same temperature to 50% burn-off. The cokes were 
examined in terms of optical texture and homogeneity of carbon matrix using a polarized 
light optical microscope. To determine the effect of precursor oxidation on the char yield and 
on the development of porosity in the resultant ACs, the coal P and PET were oxidized in air, 
at 160oC for 4 hours (P ox) and 280oC for 24 hours (PETox), respectively. The CTP-PETox 
mixture at a 1:1 ratio, Pox and PETox were also activated under the same conditions.  
 
The porous texture of the resultant activated carbons was evaluated on the base with nitrogen 
adsorption isotherms measured at 77 K with a NOVA 2200 (Quantachrome). The specific 
surface area was calculated using BET method. The Gurvitch rule and Kelvin condensation 
theory were applied to evaluate the extent microporosity and the mesopore volume 
distribution, respectively (Gregg, 1997). The micropore volume Vmic was calculated as the 
difference between the total pore volume Vtot and the mesopore volume Vmes. The amount of 
nitrogen adsorbed at relative pressure of p po-1=0.98 was employed to determine the total pore 
volume. Additionally, the micropore volume VDR was calculated applying the Dubinin-
Radushkevich (DR) equation up to p/po £ 0 . 015. The pore size distribution was determined 
using DFT method. 
 
RESULTS 
 
Characteristics of raw materials 
Table 1 shows the characteristics of raw materials used for the preparation of activated 
carbons. Coal OG is more matured than coal P as it is reflected by the lower volatile matter 
content a n d  the higher vitrinite reflectance. As a consequence of the different coalification 
degree, coal P passes through the plastic state at a lower temperature than coal OG (399-486 
vs. 412-501oC for coal OG). However, it is important to point out that their caking ability 
(Swelling Index, Gieseler maximum fluidity, Roga index and the plastic range) is very 
similar.  
 
From the thermogravimetric analysis of PET, it can be deduced that PET starts to decompose 
around 350 oC with a maximum of volatile matter evolution at 430oC, being the mass loss 
negligible at temperatures higher than 500oC. At this temperature the char yield is 18.5 wt%. 
Taking into consideration the temperature range of PET thermal decomposition (300-500oC) 
and the fluid temperature range of the two coals, the fluid range of coal P overlaps PET 
decomposition to a higher extent than plastic range of coal OG. Thus, the degree of 
interaction between coal P and PET during co-carbonization will be higher, implying a higher 
modification of char microstructure. CTP is highly fluid over a wide temperature range and it  
can acts as a solvent of PET. Therefore, it can be expected that a new homogeneous fluid 
phase should be formed.  
 
TABLE 1: Characteristics of raw materials. 
 
Parameter OG P CTP PET 
Ash (wt% db) 
Volatile matter (wt% db) 
Ro (%) 
Softening point, oC 
Ultimate analysis (wt% db) 
C  
H  
N  
S  
O  
Roga Index 
Swelling Index 
Gieseler test 
Maximum fluidity (ddpm) 
Softening temperature (oC) 
Temperature of max fluidity (oC) 
Resolidation temperature (oC) 
Plastic range (oC) 
9.0 
21.2 
1.4 
 
 
90.7 
5.0 
1.9 
0.6 
1.8 
84 
8 
 
423 
412 
468 
501 
89 
5.1 
27.5 
1.03 
 
 
87.8 
4.8 
1.6 
0.7 
5.1 
83 
7.5 
 
550 
399 
447 
486 
87 
0.1 
 
 
72 
 
91.9 
4.5 
1.4 
0.4 
1.7 
<0.1 
 
 
 
 
63.0 
4.2 
0.0 
0.0 
32.8 
 
 
Optical texture of chars 
PET gives an isotropic char on carbonization whereas bituminous coals produce anisotropic 
cokes of different textural components, depending on their rank. Coal-tar pitch also gives an 
anisotropic coke. In Table 2, a description of the textural components of the chars produced 
at 800oC is presented.  
 
TABLE 2: Optical texture of chars. 
 
Char Optical texture 
OG-PET Two kinds of anisotropic areas are observed, i) large inclusions of a coarse-
flow type, characteristic for coal-derived char, embedded in the isotropic 
matrix and ii) fine-grained mosaics.  T h e  amount o f  anisotropic components 
is 52.0 vol%. 
P-PET Isotropic carbon dominates in the char, constituting about 82.5 vol%. 
Diffusion zones from fine-grained mosaics to isotropic carbon are observed. 
CTP-PET Isotropic carbon. 
 
Microscopic observation reveals that a 50 wt% addition of PET to a bituminous coal leads to 
a char with a considerably higher contribution of isotropic carbon than that calculated from 
the data of the single components and carbonization yields. This difference is larger for coal 
P, indicating stronger interactions between this coal and PET during carbonization. The 
formation of flow-type anisotropy in the OG-PET char shows a lower degree of interaction 
between components. However, the presence of fine-grained mosaics in OG-PET char 
indicates the PET ability to inhibit the development of anisotropic units. Presumably, the 
changes in the microtexture of the chars obtained from the co-pyrolysis with PET are induced 
by CO2 formed in the PET thermal decomposition as reported elsewhere (Barriocanal, 2005). 
In turn, the isotropic texture of CTP-PET char indicates that the precursors are very well 
miscible, enhancing their reciprocal interactions. As a result, the formation of isotropic 
carbon occurs due to the modification of thermoplastic properties of CTP by PET towards 
structural disordering. 
 
Porosity characteristics 
Figure 1 shows the nitrogen adsorption isotherms measured at 77 K for ACs prepared by 
activation of chars derived from individual components (a) and PET-containing mixtures (b).  
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FIGURE 1: Adsorption isotherms of N2 at 77 K for activated carbons produced from individual components 
and PET-containing mixtures.   
 
The adsorption isotherm shapes of all carbons are of type I in BDDT classification and 
indicate their microporous nature (Gregg, 1997). The parameters characteristics of the porous 
structure of ACs produced from mixtures and individual components, calculated from their 
corresponding isotherms, are given in Table 3.  
 
TABLE 3: Textural parameters obtained from N2 adsorption isotherms at 77 K. 
 
Activated carbon SBET (m2g-1) 
Vtot 
(cm3 g-1) 
Vmic 
(cm3 g-1) 
Vmes 
(cm3 g-1) 
VDR 
(cm3 g-1) 
PET 
OG 
P 
CTP 
1564 
456 
602 
429 
0.607 
0.203 
0.282 
0.199 
0.572 
0.173 
0.233 
0.171 
0.035 
0.030 
0.049 
0.028 
0.534 
0.163 
0.221 
0.164 
OG-PET 
P-PET 
CTP-PET 
679 
994 
1082 
0.297 
0.400 
0.440 
0.257 
0.368 
0.406 
0.040 
0.032 
0.034 
0.235 
0.338 
0.390 
PETox 
Pox 
CTP-PETox 
1498 
812 
1119 
0.625 
0.343 
0.456 
0.583 
0.307 
0.421 
0.042 
0.036 
0.035 
0.554 
0.284 
0.372 
  
The AC prepared from PET waste is characterized by the most developed porous structure. 
The BET surface area is 1564 m2g-1 and the total pore volume is 0.607 cm3g-1. Considering 
the two coals selected, the coal P seems to be more suitable for producing AC. The P-PET 
mixture gives a porous material with well-developed microporosity. The micropore volume 
(0.368 cm3g-1) accounts for 85% of total porosity. It is worth noting a significant 
improvement in the porosity of activated carbon due to the contribution of PET in the mixture 
with coal P (Table 3). Compared to AC from coal P, it can be observed an increase in the 
BET surface area from 602 to 994 m2g-1 as  well  as  in  the total pore  volume  from  0.282 to 
0.400 cm3g-1. An enhanced porosity is also found for OG-PET, but in a smaller extent than in 
the case of coal P. It can be explained by different reactivity of the chars towards steam 
activation as a consequence of the different size in anisotropic units. In spite of the fact that 
the porous structure of activated carbon from coal OG and CTP is similar, it is interesting to 
note that the AC from CTP-PET exhibits a significantly better developed porosity than that of 
the blend OG-PET. This indicates the relevance of interactions between components in the 
mixture CTP-PET during co-carbonization that leads to char microstructure with different 
susceptibility to develop porosity.  
 
Figure 2 shows pore size distribution determined using the DFT method for selected activated 
carbons. The addition of PET to coal P develops narrower micropores preserving the 
maximum pore size in the range of 1.2-1.4 nm. In the case of CTP, more drastic changes in 
the pore size distribution are induced. A preferential development of micropores with a width 
between 0.6 and 0.8 nm takes place during activation of CTP-PET mixture. 
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FIGURE 2: Pore size distribution of activated carbons determined by DFT method. 
 
 
Effect of modification of initial materials on porous structure of resultant AC 
To enhance the yield of char, PET was subjected to oxidation at a temperature lower than the 
onset temperature of its decomposition and slightly higher than the melting temperature. The 
increase in the pyrolysis yield of PET (18.9 vs. 21.9 wt%) is a consequence of the weight loss 
during oxidation (5.3 wt%). This explain the similar char yield for the CTP-PETox and CTP-
PET mixtures (39.0 vs. 38.6 wt%). PETox also leads to a negligible porosity variation of the 
resultant AC.  
On the other hand, coal P was also oxidized in air to destroy its coking properties in order to 
compare the oxidation effect to PET addition. After oxidation, the caking ability of coal P 
reduced from a Roga index of 83 to 7. The porous structure of the ACs shows that the 
addition of PET is more effective than oxidation for preparing activated carbons. 
 
CONCLUSIONS 
 
This work reveals a high suitability of PET as an additive to bituminous coal and coal-tar 
pitch for microporous AC production by steam activation. As a consequence of the 
modification of thermoplastic behavior, the addition of PET to coal at 1:1 w/w ratio enhances 
the porosity development in the resultant ACs, depending on coal rank. Less matured 
bituminous coal (Ro: 1.03 vs. 1.40 %) in the mixture with PET gives activated carbon with 
better developed porosity, SBET nearly 1000 m2 g-1 and a total pore volume of 0.40 cm3 g-1. 
PET addition is more effective than oxidation to reduce coal plasticity and to enhance 
porosity development. The activation of CTP-PET mixture produces a carbon material of 
high surface area over 1000 m 2 g -1 and a predominant contribution of narrower micropores 
(0.4-1.0 nm). The latter findings may suggest the possibility of co-processing of PET waste 
with low value pitch-like substances for the ACs production.  
 
 
Acknowledgements 
The authors thank the Ministerio de Asuntos Exteriores (Spanish Foreign Office) and the Ministry of Scientific 
Research and Information Technology for the financial support of Joint Research Action (2001 PL0030). 
 
References 
Barriocanal, C., Díez, M.A. and Alvarez, R. (2005). PET recycling for the modification of precursors in carbon 
materials manufacture. J. Anal. Appl. Pyrolysis, 73, 45-51. 
Diez, M.A., Barriocanal, C. and Alvarez, R. (2005). Plastics wastes a modifiers of the thermoplasticity of coal.  
Energy & Fuels, 19, 2304-2316. 
Gregg, S.J. and Sing, K.S.W. (1997). Adsorption, surface area and porosity, Academic Press,  London. 
Lázslo, K. and Szúcs, A. (2001). Surface characterization of polyethyleneterephthalate (PET) based activated 
carbon and the effect of pH on its adsorption capacity from aqueous phenol and 2,3,4-trichlorophenol 
solutions. Carbon 39, 1945-1953. 
 
